Introduction
Polypyrrole, PPy, is insoluble and infusible which restricts its processability. To overcome these restrictions, Zhitariuk and co-workers 1 proposed an original way of designing PPy microstructured membranes using track-etched polymer matrix 2 . These membranes proved to be an important device in the field of ultra-filtration and synthetic membranes 3 . In recent years, PPy/Nafion composites have been the subject of numerous fundamental studies and investigations for a wide range of applications 4, 5, 6 . The combination of both the electronic conductivity of the pyrrole with the high ionic conductivity of Nafion provides some applications for PPy-rich composites in batteries 4 , super capacitors, and fuel cells 5, 6 . Nafion is a well-known membrane for Proton Exchange Membrane Fuel Cell (PEMFC). Nevertheless, its thermal capacity during engine cycles is limited and its mechanical property can be affected by the presence of solvents, water content and by cation substitutions 7 . Even in composite form, these drawbacks remain unsolved. If the ionic conductivity as well as the ion-exchange capacity of Nafion could be conferred to the polypyrrole these drawbacks could be overcome. PPy microstructured membranes from track-etched membranes would enhance ion-exchange capacity. In combining PPy microstructured membrane technology with chemical functionalisation, the result would lead to a membrane which suits all the criteria required for an improved PEMFC.
The aim of this paper is thus to report on the synthesis of sulfonated PPy and PPy derivatives copolymers by oxidative polymerisation using track-etched templates. In fact, a substantial effect on the ionic conductivity has already been observed upon the incorporation of SO 3 - groups in the PPy polymeric chain 8 .
performed using the diaphragmatic method described by Zhitariuk et al. 1, 9 . The two- The initial and the modified membranes were weighed to determine the weight of the final copolymer on the matrix membranes. Dissolution of PC template membrane was then performed using NaOH 6N at 80°C for at least 2 hours. The obtained dedoped black poly(Pyco-PyCOOH) membranes were washed twice in fresh water and 1 hour in boiled water to remove any excess NaOH. The Poly(Py-co-PyCOOH) membranes were neutralized in acidic solution (1 N) for at least 2 hours before the Taurin immobilization. A coupling procedure was adopted and, after the last water washing, the clean membranes were allowed to react with EDC (10 -2 M) and Taurin (3.2.10 -2 M) for 24 hours in aqueous medium. The final membranes were washed again in fresh water and dried gently at room temperature.
Scanning Electron Microscopy (SEM).
Scanning electron microscopy (SEM) was carried out with a Phillips apparatus equipped with a LaB 6 tip, and coupled with a PGT-Princeton Gamma Tech. X-ray detector and a PRISM Digital spectrometer. The films and the crosssections were coated with Au using a sputtering device before the analysis. Charge compensation with a low-energy electron flood-gun was necessary.
X-Ray Photo-electron Spectroscopy (XPS)
. X-ray photoelectron spectra were recorded on a HP5950A spectrometer using a monochromatic Al K X-ray source (1486.6 eV). The concentric hemispherical electron energy analyzer was equipped with a multichannel detector operating at a constant energy mode at an electron take-off angle of 51.5 o . Charging effects were neutralized using a flood gun operated at 2 eV kinetic energy. A pass energy of 150 eV was used for both survey and core level scans. The resolution was between 0. Thermogravimetry. The thermograms TG were recorded in air atmosphere at a heating rate of 20K/min using a thermal analyzer (Perkin Elmer DS1410D/9928J/DAD012).
Results and Discussion

Polymerisation and copolymerisation kinetics onto track-etched matrix
Elaborations of copolymer membranes were performed using the diaphragmatic method described by Zhitariuk et al. 1, 9 . Polycarbonate microporous membranes were used as templates. The kinetics of the Pyrrole polymerisation and the copolymerisation of the pyrrole and pyrrole-3-carboxylic acid onto PC matrix ( Figure 1 ) show a rapid weight gain over 5 hrs.
An asymptotic variation leading to a conversion rate of 5 mol% after 24 hrs is then observed.
This low conversion on the solid phase is due to the rapid diffusion of oxidant molecules and monomers through the PC matrix micropores resulting in a high conversion rate in the liquid phase. The available PC matrix area is also another parameter which limits the conversion. It is for this reason that we express the rate as a grafting rate Q (wt%) rather than a conversion rate. Q is defined as follows:
where m f is the final membrane weight obtained after polymerisation, and m PC the initial PC matrix weight.
As illustrated in Figure 1 , a slight difference in polymerisation kinetic appears between the homopolymer PPy and the copolymer poly(Py-co-PyCOOH) at different temperatures. In fact, pyrrole is a very reactive monomer and is able to polymerize at low temperature (0°C).In contrast, pyrrole-3-carboxylic acid monomer needs a minimum of 50°C to polymerize properly. Nevertheless, when the copolymerisation occurs at 50°C, the polymerisation kinetic tends to be in the range of pyrrole homopolymerisation at 23°C.
Permeation study: a way to follow pore filling
To study our membranes, a simple cell with a free-standing membrane was used. Pressure was supplied by vacuum. Trans-membrane pressure (P) was 10 4 Pa. Ethanol permeation parameter L m was calculated as follows:
where
Generally, three parameters describe a membrane microstructure: pore diameter d P , pore length l P and porosity . They relate to macrocharacteristics of filtration by means of HagenPoiseuille equation:
where  represents the dynamic viscosity (Pa.s). This equation determines a laminar flow of liquid in one tube or pore with diameter d P and length l P . If we consider n pores on the membrane surface S m , equation 2 becomes:
therefore, 4 4 .
where F represents the pore density.
We performed multiple polymerisations of thirty minutes each. Between each polymerisation step, we permuted the monomer and oxidant compartments in order to get homogenous surfaces. 
Final membrane microstructure
After the PC matrix dissolution under strongly basic conditions (NaOH 6N), SEM micrograph shows the final membrane structure (Figure 4a) . From SEM pictures, we have observed a good correlation with equivalent pore diameter calculated previously from permeation measurements. In fact, the increase in the thickness of the pore wall after successive polymerisations can be easily followed (Figures 4b and 4c) . were done at +45° and others at -45° leading to microtubules cross-sections of 90°. This irradiation strategy is used to limit tracks overlapping. It could also be interesting to use this radiation procedure to increase the final mechanical properties of this kind of membrane.
Functionalization of microstructured membranes: compositional verification
It is expected that the carboxylic acid groups of the copolymer membranes allow the anchor of Taurin molecules via common coupling reaction using water-soluble carbodiimide, EDC (scheme 1). The anchored Taurin molecules endow copolymer membranes with sulfonate functions. These sulfonate groups transfer protons and confer ion-exchange property to these new copolymer membranes.
In order to prove if Taurin immobilization was achieved , chemical analyses were performed by XPS and ToF-SIMS. Figure 6 shows the negative ToF-SIMS spectrum recorded on the Taurin powder. This spectrum is characterized by a peak at m/z = 124 that is assigned to the Taurin molecular ion minus one hydrogen atom ( 
Microstructured membranes thermal stability
Thermogravimetric analysis (TGA) can be used to assess the thermal stability of each polymer membrane. The TGA curves measured under flowing nitrogen are shown in figure   11 . The polypyrrole powder is obtained by oxidative polymerisation in solution under the same experimental conditions used for synthesis of PPy microstructured membranes. The TGA curve of the dedoped polypyrrole powder is similar to those obtained previously 13 in N 2 .
The TG of the polypyrrole powder shows only one major weight loss step at 475°C from derivative curve event. There is a small weight loss of 8% below 100°C corresponding to water content. When polypyrrole has been synthesized by diaphragmatic method and the resulting PPy microstructured membrane revealed by matrix dissolution, we observed unexpected thermal behaviour. In fact, under thermal treatment, PPy membranes behave completely differently from PPy in solution showing no decomposition event, even when heating up to 900°C (Figure 11 ). This exceptional thermal stability is also observed for copolymer membranes. It is not affected by Taurin modification.
The lowest energy conformation of a polypyrrole chain is an arrangement in which the pyrrole rings in the chain are co-planar. An increased proportion of planar PPy segments induces a concomitant increase in conductivity 14 . A helical coil conformation is also possible if the alternation of ring orientation is irregular. In our case, no organisation of PPy chains occurs during polymerisation in solution and a polymer coil is obtained randomly. Inversely, the pattern of PC matrix porous membranes forces PPy chains to organize themselves in the lowest energy conformation. Jinbo H. et al. 15 recently studied the ordered structure of the surface of PPy nanotubules by growing potentiostatically PPy nanotubules using alumina membranes. They reach the conclusion that the pyrrole ring lay parallel to the alumina template wall. Considering the research above, in this kind of oriented structure the polymer chains can align more tightly, which explains the reported conductivity enhancement. It also plays a role in material mechanical properties. Because the thermal stability depends on the conductivity behaviour and the mechanical properties, it is possible to link these considerations as a plausible explanation for the obtained TG results on PPy and PPy derivatives membranes.
Conclusions
Copolymers of polypyrrole and poly(3-carboxylic acid pyrrole), noted poly(Py-coPyCOOH), have been successfully synthesized via diaphragmatic method using track-etched PC matrix. Permeation data allowed us to follow equivalent pore diameter decrease with polymerisation time. Each pore diameter calculated from permeation data was confirmed by SEM. We could observe that polymer deposition layer on PC matrix was thicker in the case of homopolymer as compared to copolymer of pyrrole. This difference was ascribed to grafting rate variations and structural difference between the copolymer and the homopolymer. After The thermal stability of the membranes was also studied. It has shown no decomposition event up to 900°C, even after sulfonation by Taurin immobilization. Such a thermal stability on PPy derivatives has not yet been reported and it points out the great impact of the structure on the thermal behaviour. This is of great interest concerning PEMFC applications. 
